Abstract-Radiofrequency (RF) thermokeratoplasty uses RF currents to alter the curvature of the cornea by means of thermal lesions. An RF applicator which combined a microkeratome suction ring and a circular electrode was designed with the aim of creating circular thermal lesions in a predictable, uniform and safe way. An experimental study was conducted on ex vivo porcine eyes. A theoretical model was also designed. The experimental results showed a lesion depth of 34.2 ± 11.0% of corneal thickness at a constant voltage of 50 V up to roll-off (1000 X of impedance). With a voltage of 30 V for 30 s the mean depth was 36.8 ± 8.1%. The progress of electrical impedance throughout heating and lesion dimensions were used to compare the experimental and theoretical results. Both the impedance evolution and lesion dimensions obtained from the theoretical model showed good agreement with the experimental findings. The findings suggest that the new applicator could be a suitable option for creating uniform circular thermal lesions.
INTRODUCTION
The radiofrequency (RF) thermokeratoplasty (RF-TKP) technique was proposed in 1980 to reshape cornea curvature by means of thermal lesions using RF currents (%500 kHz). 11 The temperature of the corneal stroma is raised to achieve the irreversible shrinkage of collagen fibers. By using a particular lesion pattern it is possible to change the corneal curvature in a controlled way and therefore to correct refractive errors such as hyperopia, 22 presbyopia 24 and astigmatism. 2 Hyperopia correction implies creating a circular pattern (6-8 mm diameter) of lesions in the cornea. This surgical procedure, known currently as conductive keratoplasty (CK), is conducted by means of a hand-held instrument which includes a needle-like RF microelectrode (length 450 lm and width 90 lm), 7 which is introduced into the cornea to create thermal spots. Although some studies have demonstrated that CK is an effective and safe treatment, recent studies have reported both significant regression of refractive effects over an extended follow-up period 20 and poor predictability. 27 Furthermore, serious problems such as corneal perforation 17, 21 and anterior chamber inflammation 12 have also been reported. It therefore seems that an effort should be made to improve RF-TKP techniques. Our group proposed a ring electrode for RF-TKP in 2003 8 with the idea of developing an applicator capable of creating a complete circular lesion pattern, as opposed to the single-spot pattern obtained by CK. The rationale of this hypothetical benefit was the enormous potential of circular fully thermal lesions (previously created with heated brass rings) to increase corneal refracting power by up to 14 diopters. 13, 18 In our dosimetry study on enucleated rabbit eyes, the histological analyses showed a nonuniform lesion along the circular path, probably due to non-uniformity of the electrode-tissue contact. In fact, this is also a potential problem with CK, in which the surgeon inserts the electrode manually and hence there could be differences between the created spots. In order to minimize the effect of this parameter as far as possible, we now propose a new design of RF applicator in order to obtain uniform electrode-cornea contact throughout the contact area and to spatially homogenize the electrical-thermal phenomena.
In order to achieve the necessary stability and precision involved in corneal microkeratome, we combined the suction ring of a microkeratome with a circular microelectrode to develop a new RF-TKP applicator with the goal of creating circular thermal lesions in a predictable, uniform and safe way. We first built an applicator and then planned an experimental study on ex vivo porcine eyes to assess both the electrical performance and the histological characteristics of the lesions. Finally, we built a theoretical model to study the electrical-thermal phenomena involved in RF heating with this applicator. The progress of electrical impedance throughout heating and the dimensions of the created thermal lesions were used to compare the experimental and theoretical results.
MATERIALS AND METHODS

Description of the Applicator
The applicator is a prototype based on a circular electrode embedded in an epoxy plane. This element was placed in a microkeratome Hexatome (Neptury Technologies, Almassora, Spain) exactly where the blade is usually located (see Fig. 1a ). We built two 7-mm diameter circular electrodes with thicknesses of 100 and 200 lm, respectively (see Fig. 1b ). The electrode was made of 316L stainless steel and was inserted it into an epoxy plane of a standard microkeratome. Finally, this epoxy plane was placed in the head of the microkeratome as shown in Fig. 1a .
Experimental Set-Up
The experimental model was based on enucleated porcine eyes, which were obtained 8 h post mortem and stored in a cold saline solution at 5°C to minimize swelling and autolysis. Prior to RF application, the adjacent tissue was removed and saline was injected by syringe into the ocular globe to achieve a suitable stiffness. The eyes were then placed in a custom-made holder and held in place by the applicator itself. The experiments were conducted using a RF generator CC-1 Cosman Coagulator System (Radionics, Burlington, MA, USA), which delivers a non modulated sinusoid waveform up to 100 V (rms) on 100 X and with a maximum current of 1 A. The electrical impedance, current, voltage and power were recorded in a computer (sampling frequency of 30 Hz). In this RF generator, the user sets the output voltage (without load), along with the heating duration. In addition, since the electrical impedance is continuously measured, there is an automatic switch-off mode once the impedance passes 1 kX. In all the experiments the built-in suction ring of the microkeratome acts as a dispersive electrode.
As this was the first thermal dosimetry bench-study, the experimental groups were tentatively chosen in order to achieve sufficiently-deep thermal lesions, i.e., around 50% of corneal thickness. We considered six experimental groups, three for each electrode thickness, and five eyes per group, i.e., a total of thirty eyes. Two eyes were used as a control to check the status of the samples provided, and two further eyes were used as a second control to analyze the simple effect of placing the electrode on the cornea (i.e., without applying RF power). The characteristics of each experimental group are shown in Table 1 . There were three groups (1, 2, and 4) in which we set a constant voltage up to roll-off, since this approach had been previously employed in other RF heating techniques. 3 However, when the set voltage was low, e.g., 20 V with the 100 lm electrode, it was not possible to reach rolloff, and so the time was fixed at 60 s (Group 3). Since the area of the 200 lm electrode is obviously larger than the 100 lm, it was even more difficult to reach roll-off with 30 V, so that Groups 5 and 6 were programed with fixed times of 30 and 60 s duration. The study was divided into two parts: a histological analysis of the heated corneas and an analysis of the progress of the electrical impedance during RF heating. The histological analysis was based on 4 lm-thick slices stained with hematoxylin and eosin (H&E). Each cornea was transversally cut to identify the lesion geometry in both sides. The thermal lesion was assessed by the coagulation contour characterized by a more intense pigmentation. The lesion geometry was quantified by two variables: depth (maximum value reached at the center) and width (measured on the cornea surface). Both variables were expressed as a percentage of corneal thickness.
Theoretical Model
The problem was based on a coupled electric-thermal problem, which was solved numerically using the Finite Element Method (FEM) by means of COMSOL Multiphysics software (Comsol Inc., Burlington, MA, USA). The geometry and the dimensions of the theoretical model are shown in Fig. 2 . Due to the geometry, the problem presented axial symmetry and a twodimensional analysis could be conducted. The model included a fragment of cornea, aqueous humor, and metallic electrode embedded in epoxy (plastic plane). For the theoretical modeling we only considered the 200 lm electrode, since this showed satisfactory results (see ''Results'' section). The dispersive electrode was modeled as an electrical condition on boundaries at a distance from the active electrode. We considered a flat geometry of the cornea. Although the inclusion of curvature of the cornea in the theoretical modeling could modify the computed temperature distributions, 9 the suction pressure in the new applicator keeps the cornea totally flat, and hence the model geometry is suitable.
The dimensions R and Q were estimated by means of a convergence test in order to avoid boundary effects. We used the value of the maximum temperature (T max ) reached in the cornea after 5 s of RF heating at 50 V as a control parameter in these analyses. The value of the parameters was increased by equal amounts (1 mm) in each simulation. When there was a difference of less than 0.5% between T max and the same parameter in the previous simulation, we considered the former values as appropriate. We also compared our results to others in which the outer boundaries are significantly increased in order to guarantee the reliability of the results. The characteristics of the materials and tissues used in the model are shown in Table 2 . 6, 16 The electrical and thermal conductivity of the cornea were temperature-dependent, as defined in. 16 For the thermal conductivity (k) we considered linear growth of +0.26%/°C up to 100°C, and then k was kept constant. The electrical conductivity (r) grew exponentially +1.7%/°C up to 100°C, between 100 and 105°C was constant and then r 3 0 3 0 s 6 3 0 6 0 s FIGURE 2. Geometry and dimensions (mm) of the theoretical model. The geometry is mainly divided into four parts: the plastic plane (epoxy plane), the electrode, the cornea and the aqueous humor. Due to the geometry, the problem presented axial symmetry. 
where T is temperature, t is time, q is density, c is specific heat, k is thermal conductivity, r is electrical conductivity, V the voltage, Q p is heat loss from blood perfusion and Q m is metabolic heat generation. Q p and Q m are insignificant in RF-TKP and thus were not considered. Voltage (V) was obtained from the electrical problem using the Laplace equation Ñ 2 V = 0. We used a quasi-static approach due to the frequencies used in RF-TKP (%500 kHz) and for the geometric area of interest the tissues can be considered as purely resistive. Tissue vaporization was modeled by modifying Eq. (1) according to Abraham and Sparrow. 1 The product density 9 specific heat of the cornea in the liquid and gas phases were 4.06 9 10 6 and 2 9 10 6 J/K m 3 , respectively, while the product at the phase change was 3.7 9 10 8 J/K m 3 . 16 The enthalpy of transition associated with collagen denaturation was not considered, since its effect is insignificant compared to the effects of tissue vaporization. 16 The thermal and electrical conditions are shown in Fig. 3 . The electrical boundary conditions were: zero current density in the transversal direction to the symmetry axis, at air-plastic interface, and at the outer end of the aqueous humor. Zero voltage was set in the dispersive electrode. Since we modeled only the cases corresponding to the experimental Groups 4 and 5 (see ''Results'' section), the voltage applied by the electrode was modeled as a point source at the electrode of value 30 (Group 5) or 50 V (Group 4). The performance of the RF generator used in the experiments required a manual increase from 0 V to the target voltage. In this respect, we estimated that during the experiments the increase in applied voltage could last for up to 1 s. We therefore included a linear increase in the applied voltage in the simulations with duration of 1 s (between 0 and 50 V). The thermal boundary conditions were: null thermal flux in the transversal direction to the symmetry axis, constant 21°C (room temperature) in the dispersive electrode and at the outer end of the aqueous humor. The air circulating around the plastic plane and the aqueous humor circulating under the cornea produce a cooling effect on the plastic and cornea surfaces, modeled by means of two thermal convection coefficients h 1 and h 2 , respectively. We considered values of h 1 = 20 W/m 2 K, and h 2 = 500 W/m 2 K. 9 The initial temperature was set at 21°C. The mesh was heterogeneous, with a mesh size of 25 lm around the electrode-tissue interface where the highest gradient was expected. The size of the finer mesh was estimated by means of a convergence test following the same steps as in the case of the parameters R and Q. For the time-step in the solver we used 
To calculate the impedance in every time-step we divided the applied voltage by the value obtained in the boundary (surface) integration of the normal current density through the surfaces which the dispersive electrode was located.
The damage to tissue due to heating is a function of the temperature increase and the exposure time. 15, 19 The thermal damage geometry was obtained by means of the Arrhenius damage model 23 :
RTðtÞ dt ð2Þ
where X is the thermal damage accumulated during heating, A (s 21 ) is the frequency factor, DE (J/mol) is the activation energy, and R the gas constant (8.314 J/ mol K). Both A and DE are kinetic coefficients evaluated for each tissue type from experimental data. For the cornea we used A = 2.9 9 10 13 s 21 and DE = 9.88 9 10 4 J/mol. 10 The depth and surface width of the lesions (expressed as percentage of corneal thickness) were computed from the line X = 1.0 and then compared to experimental lesions.
RESULTS
Experimental Results
In general, in Groups 1, 2, and 3 (100 lm electrode) it was hard to find apparent lesions. Only in one sample of Group 1 was a very superficial lesion found.
In contrast, the 200 lm electrode created sizeable thermal lesions (Groups 4, 5, and 6). In Group 4 (50 V voltage up to roll-off), although it was not possible to photograph the entire cornea (i.e., showing the lesions on both sides), we observed that lesions were uniform along the circular path in the five samples (see Fig. 4 ). As indicated in Table 3 the time to roll-off was 4.5 ± 0.9 s. The lesion depth and width were 34.2 ± 11.0 and 56.2 ± 5.7%, respectively as in shown in Table 4 . From the data showed in Table 3 we also found a strong inverse linear relationship between initial impedance and lesion depth (R 2 = 92.2%). Figure 5 shows the evolution of impedance, which was similar for all samples: a slow initial decrease was followed by a sudden increase up to a value between 500 and 800 X, and then a more or less continuous increase up to roll-off (1000 X).
As indicated in Table 4 , lesion depth and width in Group 5 were 36.8 ± 8.1 and 57.0 ± 12.5%, respectively. In contrast to Group 4, in Group 5 we found large differences in the lesion depth along the intrasample circular path, in some cases, up to 46% of corneal thickness. Figure 6 shows the evolution of impedance in this group. In all cases there was a short initial reduction followed by a sudden rise up to a value between 300 and 600 X, and then a more or less continuous increase but never reaching roll-off. Finally, in Group 6 from the data of Table 3 , the lesion depth and width were 34.8 ± 8.9 and 63.4 ± 21.3%, respectively. The high dispersion in lesion width was due to the lesion spreading over the cornea surface during the long heating period in some cases.
Theoretical Modeling Results
In this part of the study we modeled the cases from experimental Groups 4 and 5, as they showed promising results from the clinical application point of view. We obtained the model dimensions R = 3.5 mm and Q = 5 mm from the convergence test (see Fig. 2) . Figures 5 and 6 shows the computed impedance evolution corresponding to Groups 4 and 5, respectively. We observed a gradual initial decrease followed by a sudden increase up to a certain value, followed by a more or less continuous increase, which indicates similar behavior in both the experimental and theoretical results. Figure 7 shows the temperature distributions during RF heating at 50 V up to roll-off (similar conditions to experimental Group 4). One of the findings was the preferential heating at the outer edge of the electrode (between 0.4 and 0.6 s in Fig. 8 ), due to dispersive electrode location (see Fig. 9 ). At the roll-off time (5 s) the lesion depth and width were 28.1 and 62.3% of corneal thickness, respectively (see solid X = 1.0 in Fig. 7 ). Figure 8 shows the temperature distributions during RF heating at 30 V for 30 s (similar conditions to experimental Group 5). Here also there was preferential heating at the outer edge of the electrode (at 1.0 s in Fig. 8) as it was expected from the distribution of the electrical potential (see Fig. 9 ). At the end of the heating period (30 s) lesion depth and width were 44.2 and 98.1% of corneal thickness, respectively (see solid X = 1.0 in Fig. 8 ).
DISCUSSION
The objective of this study was to assess the feasibility of using a RF applicator to heat the cornea following a circular pattern as nearly homogeneous as possible. To this end we built an applicator combining a microkeratome vacuum ring with a circular electrode embedded in the epoxy plane, which contains the blade in a standard microkeratome. We then designed an experimental dosimetry study based on excised porcine eyes, measuring the geometry of the thermal lesions and the evolution of impedance throughout the process. Due to the impossibility of accurately mapping intracorneal temperatures (e.g., by means of thermocouples), we developed a theoretical model to study temperature distribution in the cornea during heating. Impedance progress and lesion dimensions were used to compare experimental and theoretical results.
The experimental results showed that the 100 lm electrode was not able to create such deep lesions as the 200 lm electrode. This seems logical, since there is a direct relationship between electrode size and lesion depth.
14 It is also reasonable to expect roll-off only in Group 4 since a higher level of applied voltage (50 V) was used here than in the other groups (30 V). It is interesting to note the inverse linear relationship between initial impedance and lesion depth in this group (R 2 = 92.2%), which was not found in the other groups. This could be due to the heating period in Group 4 being short enough (4.5 s) to avoid the effect of the variability in the tissue characteristics (density, specific heat, and thermal conductivity) on the thermal lesions, as opposed to the long times (30 and 60 s) used in Groups 5 and 6. In other words, the thermal lesion was strongly influenced by the applied power density (W/kg), also known as specific absorption rate (SAR). This was due to setting a constant voltage, which meant that lower initial impedance implied a higher electrical current and hence a higher power level. In contrast, this did not occur in Groups 5 and 6, in which the longer heating time allowed to increase the effect of the variability of tissue characteristics on the created lesion, and hence caused a poor correlation between initial impedance and lesion dimension. In brief, the dispersion of tissue characteristics has a greater influence on lesion size in longer heating periods. 9 Also interesting is the low dispersion found in Group 4 lesion width. Similar behavior had been observed in a previous study, 9 in which two groups of corneas were heated by RF currents for 1 s using two levels of applied voltage (16 and 21 V) . In that study, lesion depth was very different for the 2 groups (21 ± 1% vs. 30 ± 4% of corneal thickness), whereas width was similar (106 ± 7% vs. 108 ± 9%). By taking all these results into account, we can conclude that for short heating periods (<5 s), lesion depth is highly related to initial impedance and applied voltage, 9 whereas lesion width could be less dependent on those factors and perhaps more closely related to electrode size.
From a practical point of view, the experimental results suggest that the applicator based on the 200 lm electrode, in conjunction with the RF power-delivering protocol as used in Group 4, could be a suitable option for creating thermal lesions such as those required to correct hyperopia. Note that initial impedances around 100 X could create thermal lesions with a depth close to 50% of corneal thickness (see Table 3 ). The electrical protocol used in Group 4 is based on an automatic power switch-off mode when impedance exceeds 1 kX. This phenomenon is known as roll-off and is associated with a high degree of desiccation of the tissue. At this time, the higher the RF power applied, the higher the risk of arcing and tissue disruption. Roll-off could thus be considered as a method of increasing safety.
It is also necessary to point out that the experimental model used was based on porcine corneas, which are quite thicker than human corneas, and hence the percentage of depth lesion in human corneas is expected to be higher. Moreover, since it has been shown to create a uniform circular thermal lesion, it could both improve the predictability of the current intra-stromal microelectrodes and achieve improved refractive changes.
We chose the option of comparing the evolution of electrical impedance during heating in the experimental and computational results due to the impossibility of obtaining accurate measurements by inserting microthermocouples into the cornea and mapping the temperature profile. 5 In our study we found a good agreement between theoretical and experimental results regarding the impedance progress (see Figs. 5, 6 ). Table 4 shows the results for Groups 4 and 5 of a comparison of lesion sizes obtained from histological analysis and theoretical modeling. The lesion depth computed from the theoretical model were similar to the size of those obtained from the experiments. However, we cannot explain the disagreement in lesion width between the theoretical and experimental results. Also included in Table 4 are the lesion sizes estimated from the theoretical model, using the values of A and DE for birefringence loss in the tissue 23 instead of those associated with complete loss of transparency. 10 Birefringence loss is an early state, which means there is less thermal damage than in complete loss of transparency. We consider that the theoretical results obtained from the parameters associated with complete loss of transparency match better with the experimental results, since the H&E stain showed thermally coagulated tissue and hence is closer to complete loss of transparency than birefringence loss.
By comparing Figs. 6 and 8, we notice that the initial heating (lower than 100°C) corresponds with the initial decrease in impedance. Once the temperature reaches 100°C at some point in the tissue, electrical conductivity suddenly drops and impedance steeply increases (0.6 s in Fig. 5 ). When the entire electrode is totally surrounded by dehydrated tissue (i.e., heated over 100°C), the abrupt increase ceases and from this time on impedance gradually increases. This last phenomenon is associated with a considerable heat flux from tissue to electrode (from 3.5 to 5 s in Fig. 7) . Similar behavior can be inferred from Figs. 6 and 8 (case of 30 V for 30 s).
From a practical point of view, curvature change in the cornea is usually controlled in CK by creating a variable number of thermal lesion spots around a variable number of circular patterns (6, 7, and 8 mm diameter). In the case of the fully circular applicator proposed here, we think that curvature change could be controlled by the use of circular electrodes of different diameters, although this should be experimentally tested in a future work. The accurate quantitative relation between the corneal curvature change and thermal lesions is usually obtained after many clinical studies in which different parameters are considered, such as age, corneal thickness, and so on. Some previous theoretical models have included a prediction of corneal curvature change. 23 We think that the relations between thermal lesions and curvature change could initially be studied ex vivo by means of topographic assessments, 26 and then via a medium-term follow-up study of the refractive changes in an in vivo model. This study has certain limitations. Firstly, the experimental method used to assess lesion dimensions was routine light microscopy, which does not allow highresolution observation of some morphological changes, as opposed to other techniques such as transmission polarizing microscopy. 25 And secondly, the experimental results are based on excised tissue and hence the findings have to be confirmed in in vivo models to assess the midterm topographic and refractive changes.
CONCLUSIONS
Our experimental findings suggest that: (1) The applicator based on a 200 lm electrode allows perfectly circular thermal lesions to be created with a depth close to 50% of corneal thickness, by using a constant voltage of 50 V until roll-off; (2) longer times with lower voltages produce non-uniform lesions along the circular path; and (3) the applicator based on a 100 lm electrode is not able to create significant lesions. The thermal lesion sizes and the evolution of electrical impedance throughout heating obtained from the computer simulations showed good agreement with those obtained from the experimental studies.
